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Edited by Hans EklundAbstract IscA and SufA are paralogous proteins that play cru-
cial roles in the biosynthesis of Fe–S clusters, perhaps through a
mechanism involving transient Fe–S cluster formation. We have
determined the crystal structure of E. coli SufA at 2.7 A˚ resolu-
tion. SufA exists as a homodimer, in contrast to the tetrameric
organization of IscA. Furthermore, a C-terminal segment con-
taining two essential cysteine residues (Cys-Gly-Cys), which is
disordered in the IscA structure, is clearly visible in one molecule
(the a1 subunit) of the SufA homodimer. Although this segment
is disordered in the other molecule (the a2 subunit), computer
modeling of this segment based on the well-deﬁned conformation
of a1 subunit suggests that the four cysteine residues (Cys114
and Cys116 in each subunit) in the Cys-Gly-Cys motif are posi-
tioned in close proximity at the dimer interface. The arrange-
ment of these cysteines together with the nearby Glu118 in
SufA dimer may allow coordination of an Fe–S cluster and/or
an Fe atom.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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SufA1. Introduction
An iron–sulfur (Fe–S) cluster acts as a cofactor for various
Fe–S proteins that are widely distributed throughout nature
[1]. Recent studies have led to the identiﬁcation of three distinct
systems involved in Fe–S cluster biosynthesis, termed NIF
(nitrogen ﬁxation), ISC (iron–sulfur cluster), and SUF (mobili-
zation of sulfur); these systems are encoded in bacteria by the nif
(NifiscA-nifSU), isc (iscSUA-hscBA-fdx), and suf (sufABCDSE)
operons, respectively [2–8]. The components of the ISCmachin-
ery are conserved in mitochondria from lower to higher eukary-
otes, whereas the SUF homologs are localized in plastids [6,9].
The three biosynthetic systems are similar in their requirement
for a cysteine desulfurase (NifS, IscS, and SufS; sulfur donor),
as well as for an A-type scaﬀold protein (NifIscA, IscA, and
SufA) [10,11]. Mutational and complementation analyses in
E. coli have established important but nonessential roles for
IscA and SufA in the ISC and SUF systems [5,12], respectively,
as is the case for Isa1p/2p (yeast ortholog of IscA) in Saccharo-*Corresponding author. Fax: +81 6 6850 5425.
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least 30% sequence identity, have three strictly conserved cys-
teine residues in the 12–13 kDa polypeptide (Fig. 1), and site-di-
rected mutagenesis data suggest that these cysteines are
indispensable for the proteins functions [13,14].
Variation in oligomeric states has been reported in the A-
type protein family. For instance, Azotobacter vinelandii NifIs-
cA, Erwinia chrysanthemi SufA, and Synechocystis PCC6803
IscA1 are dimeric [15–18], and Schizosaccharomyces pombe
Isa1 is most likely a tetramer [19], whereas E. coli IscA has
been puriﬁed as a mixture of dimers and tetramers [20]. Assem-
bly of a labile Fe–S cluster has been demonstrated for the A-
type proteins in vitro. Both [2Fe–2S] and [4Fe–4S] cluster
forms have been observed for A. vinelandii NifIscA, E. chry-
santhemi and E. coli SufA, and E. coli IscA, whereas the
[2Fe–2S] form is preferred by Synechocystis IscA1 and S.
pombe Isa1 [15,16,18,19,21]. Spectroscopic data for A. vinelan-
dii NifIscA and Synechocystis IscA1 are consistent with com-
plete cysteinyl ligation, suggesting that the bridging Fe–S
cluster is accommodated in the interface between the two sub-
units [15,18]. Biochemical experiments have also demonstrated
that the Fe–S clusters are readily transferred from IscA/SufA
proteins to various apo-Fe–S proteins [16,18,20–23]. These
ﬁndings have led to the proposal that the A-type proteins act
as Fe–S cluster scaﬀolds. However, an alternative role for
IscA/SufA as an Fe chaperone has also been suggested on
the basis of the following observations: (1) IscA binds one
Fe per dimer; (2) two of the three essential cysteine residues
are involved in Fe binding; and (3) IscA can provide Fe to
IscU, a well-deﬁned scaﬀold protein in the ISC machinery,
for the assembly of transient Fe–S clusters [24–26].
Structural studies of IscA/SufA proteins can provide critical
insight into the molecular functions of these proteins. Re-
cently, crystal structures of the IscA protein from E. coli in
the apo-form have been reported by two laboratories [27,28].
Although the C-terminal segment of IscA containing two
essential cysteines (CxC) was not ordered in the crystal, the
structure suggests that IscA functions as a tetramer (a dimer
of dimers), with the CxC cysteines closely positioned between
the two dimers so as to coordinate the Fe or Fe–S cluster.
Here, we report the crystal structure of the SufA protein from
E. coli at 2.7 A˚ resolution; this structure provides detailed
information regarding the active-site CxC motif. Furthermore,
structural comparisons indicate that the dimeric SufA is quite
diﬀerent from the tetrameric IscA not only in its oligomeric
state but also in its intersubunit interactions.blished by Elsevier B.V. All rights reserved.
Fig. 1. Sequence alignment of A-type proteins from various organisms. The three invariant cysteine residues are highlighted in yellow, other
invariant residues are in dark green, and the conserved residues are in light green. The secondary structures of SufA and IscA [28] from E.coli are
shown above the alignment. The coils and arrows indicate a-helices and b-strands, respectively.
Table 1
Data collection, reﬁnement, and model statistics
Data collection statisticsa
Wavelength (A˚) 1.000
Resolution limit (A˚) 50.0–2.7
Completeness (%) 99.9 (100)
No. of observed reﬂections 56495
No. of unique reﬂections 8136
Redundancy 6.9 (6.8)
I/r 10.9
Rsym (%)
b 8.5 (34.9)
Reﬁnement statistics
Resolution range (A˚) 41.6–2.7
No. of monomers per asymmetric unit 2
Crystallographic R-factorc/Rfree
d 0.232/0.279
Number of water molecules 37
Root-mean-square deviations from ideality
Bond length (A˚) 0.047
Bond angle () 3.4
Average B value (A˚2) 34.9
Ramachandran plot
Most favored (%) 85.6
Additionally allowed (%) 12.6
Generously allowed (%) 1.7
aNumber in parentheses correspond to the highest-resolution shell
(2.80–2.70 A˚).
bRsym =
P
i
P
hkl|Ii(hkl) ÆI(hkl)æ|/
P
hkl
P
iIi(hkl).
cR-factor =
P
hkl ||Fo(hkl)|  |Fc(hkl) ||/
P
hkl|Fo(hkl)|.
dRfree value calculated for 10% of the data set not included in reﬁne-
ments.
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The E. coli sufA gene was ampliﬁed by PCR with the primers 5 0-
CATATGGACATGCATTCAGGAAC-3 0 and 5 0-GGATCCTC-
GAGCTCATACCCCAAAGCTTTCGC-30 (the underlined sequences
indicate the NdeI and BamHI sites, respectively), and cloned into the
NdeI/BamHI sites of the pET-19b vector (Novagen). The N-terminal
(His)10-tagged SufA protein was expressed in E. coli C41(DE3) cells
[29] and puriﬁed using Ni-NTA aﬃnity resin (Qiagen) according to
the manufacturers protocol. After the protein was eluted from the col-
umn, His10-SufA was further puriﬁed by gel ﬁltration using a HiPrep
16/60 Sephacryl S-200 HR column equipped with the A¨KTA explorer
10S system (Amersham Biosciences). His10-SufA (16.1 kDa calculated
from the sequence) eluted predominantly as a homodimer with an
apparent molecular mass of 32 kDa. The molecular mass of 30 kDa
was also estimated by dynamic light scattering with a DynaPro instru-
ment (Protein Solutions). The average yield of puriﬁed SufA was about
10 mg from 30 g (wet weight) bacterial cells.
Crystallization was performed with the hanging-drop vapor-diﬀu-
sion method. Crystals of His10-SufA were obtained at 20 C using a
reservoir solution containing 20% (w/v) polyethylene glycol 2000
monomethylether, 100 mM sodium acetate (pH 4.8), 200 mM ammo-
nium sulfate, and 100 mM sodium iodide. The protein concentration
was 10 mg/ml in 20 mM Tris–HCl, pH 7.8, and 150 mM NaCl. Crys-
tals were transferred to a cryo-protectant solution containing 20%
(v/v) glycerol and ﬂash-cooled in a nitrogen gas stream at 100 K. Dif-
fraction data were collected at 100 K on an MAR CCD detector using
synchrotron radiation (k = 1.000 A˚) at the BL41XU station of SPring-
8, Japan. Intensity data were processed using the HKL2000 package
[30]. His10-SufA crystals belong to the space group P212121 with
unit-cell dimensions a = 25.2 A˚, b = 88.5 A˚ and c = 122.0 A˚. The struc-
ture was solved by the molecular replacement method using a polyala-
nine model of E. coli IscA (Protein Data Bank entry 1S98) as the
search probe. Rotational and translational searches were performed
with MOLREP [31] in a CCP4 package using the diﬀraction data in
the resolution range of 15.0–4.0 A˚. The solution obtained by molecular
replacement was subjected to rigid-body reﬁnement for the 50–3.0 A˚
resolution data by using CNS [32]. The structure was revised with O
[33] and Xﬁt [34]. The structural model was further reﬁned at 2.7 A˚ res-
olution with the simulated annealing protocol of CNS, followed by
individual temperature-factor reﬁnements with bulk solvent correc-
tions. The ﬁnal R-factor and Rfree are 23.2% and 27.2%, respectively.
Statistics of the data collection and structure reﬁnement are summa-
rized in Table 1. Coordinates for the E. coli SufA structure have been
deposited in the RCSB Protein Data Bank with accession code 2D2A.Secondary structure in the model was assigned with PROMOTIF [35],
and the geometry of the ﬁnal model was analyzed with PROCHECK
[36]. Superposition and r.m.s. deviations of the structures were calcu-
lated using LSQMAN [37]. The dimer interactions were analyzed using
the Protein–Protein Interaction Server [38]. The C-terminal segment of
the a2 subunit was modeled by superimposing the central core of the a1
subunit upon that of the a2 subunit using LSQMAN and by generating
the C-terminal segment of subunit a2 from the corresponding model of
subunit a1. Subsequently, an energy minimization calculation was ap-
plied, where the structure of residues 10–110 was ﬁxed.
Fig. 2. Ribbon diagram of the E.coli SufA monomer. The strictly
conserved cysteine residues are indicated by yellow sticks. The
conserved residues among the A-type proteins are indicated by green
sticks. This ﬁgure was prepared with PYMOL [39].
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3.1. The structure of E. coli SufA
We have determined the crystal structure of SufA from
E. coli at 2.7 A˚ resolution. Two SufA molecules (subunits a1
and a2) comprise an asymmetric unit. The model contains
114 of 122 residues for the a1 subunit, and 102 residues for
the a2 subunit, together with 37 water molecules. Residues
1–8 in subunit a1, and residues 1–4, 48–51, and 111–122 in
a2 subunit were omitted due to poor electron density. The dif-
ference of the visible region between a1 and a2 subunits may
arise mainly from the crystal packing; the C-terminal region
of a1 subunit interacts with the N-terminal region of the neigh-
boring a2 subunit related by the crystallographic symmetry.
Asn9, Lys46, Lys65, Gln111, and Glu113 of subunit a1, and
Ser5, Gln11 and Lys65 of a2 subunit were substituted with ala-Fig. 3. The dimeric structure of SufA. The a1 subunit and the a2 subunit are
are indicated by yellow sticks.nine in the ﬁnal model due to the ambiguity of the electron
density corresponding to their side-chains. The folding of the
ordered segments is almost identical between subunits a1 and
a2, with an r.m.s. deviation of 0.973 A˚ for the main chain
atoms and 1.489 A˚ for the side-chain atoms. As shown in a rib-
bon model of the a1 subunit (Fig. 2), SufA is folded into a sin-
gle domain containing two a-helices and seven b-strands. The
central core consists of two b-sheets, a three-stranded sheet
(short A1 and A2–A3) and a four-stranded sheet (strands
B1–B4), which are sandwiched between a-helices A (Thr21-
Gln35) and B (Ala83-Asp88). Two characteristic b-strand-
turn-b-strand loops between strands A2 and A3 (residues 99-
100), and B1 and B2 (residues 49–51) are designated LA23
and LB12, respectively.
Fig. 2 also shows the conserved residues among the A-type
proteins. The three invariant cysteines at positions 50, 114,
and 116 were clearly identiﬁed in the a1 subunit on the molec-
ular surface, whereas those in the a2 subunit are disordered.
Other conserved residues contribute, in most cases, to stabil-
ization of the structure by hydrophobic interactions or salt
bridges. The two characteristic structures, A2-LA23-A3 and
B1-LB12-B2, are stabilized by hydrophobic interactions involv-
ing the conserved residues Leu20, Val45, Tyr55, Leu57,
Phe103, and Phe105 inside the molecule. The B1 strand is
linked to B3 by a salt bridge between the conserved residues
Arg42 and Asp67 on the molecular surface. The conserved
turn structure (type IV) from Asn107 to Ala110 is linked to
the B2 strand by a hydrogen bond between Tyr55 and
Asn107. The negatively charged residues are distributed
throughout the molecular surface; the acidic nature is also con-
served among the A-type proteins.
The dimeric form of SufA in the crystal (Fig. 3) is consistent
with the molecular mass observed in solution. The two sub-
units of SufA in the crystal are related by a noncrystallo-
graphic pseudo 2-fold axis (rotation angle; 177.9). The
interface between the two subunits includes six hydrogen
bonds and 18 hydrophobic interactions. The buried interface
area is 755 A˚2, a reasonable value for a dimer of a 13-kDa pro-
tein [38]. The main contacts stabilizing the dimer involve the
residues in the A3 strands and the C-terminal segment. Incolored green and purple, respectively. The invariant cysteine residues
6546 K. Wada et al. / FEBS Letters 579 (2005) 6543–6548addition, the contacts between the LA23 loop and strands B1,
B2, and A3 contribute to the stabilization. Thus, the A2–A3
b-sheets protruding from the two subunits are arranged to
form a concave platform in the dimer interface in which the
C-terminal segment is stuck between the b-sheets.
3.2. Structural comparison with E. coli IscA
E. coli SufA and IscA share 48% sequence identity. Hence,
the monomeric structure of SufA is similar to that of IscA
[27,28] (Fig. 4); the main-chain atoms superimpose with an
r.m.s. deviation of 1.41 A˚ (the a1 subunit of SufA versus the
A chain of IscA; PDB code: 1S98). Minor structural diﬀerences
lie at the LA23 and LB12 loops between SufA and IscA. A dra-
matic diﬀerence, however, is observed between their oligomeric
states; whereas the IscA protein has been proposed to functionFig. 4. Superposition of the Ca-traces of SufA and IscA from E. coli
shown by stereo pair. The structures of SufA and IscA are colored
purple and light brown, respectively.
Fig. 5. Crystal structure of tetrameric IscA and the interface between the two
1S98). The a1 ða01Þ subunit and the a2 ða02Þ subunit are colored gray and brow
yellow sticks. Subunit interactions between a1 and a2 (B), between a1 and aas an (a1a2)2 tetramer, SufA exists as a homodimer. For de-
tailed comparison, the tetrameric structure of IscA was dis-
sected into discrete interaction units, a1a2, a1a01, and a1a
0
2
(Fig. 5). First, the interface between the a1a2-dimer, which
comprises the asymmetric unit in the IscA crystals, is com-
pletely diﬀerent from that of the SufA dimer. The a1a2-dimer
is stabilized through interactions involving residues at the C-
terminal end of the B1 strand with the LB12 loop, the N-termi-
nal region of the B2 strand, and helix B. Second, the relation-
ship between the a1 and a01 subunits in IscA (equivalent to a2
and a02) is also unrelated to the SufA dimer. Although the C-
terminal segment of IscA, which contains two of the three
essential cysteines, was disordered in the crystal, Cupp-Vickery
et al. [28] have proposed a computer model in which the cyste-
ines from the a1 and a01 subunits are closely positioned to facil-
itate Fe–S cluster formation. Such interactions would be
possible only upon tetrameric association (dimer of dimers)
of IscA, since no direct interactions exist between the a1 and
a01 subunits.
The third type of interaction between the a1 and a02 (equiva-
lent to a2 and a01) subunits of IscA bears a resemblance to that
observed in the SufA dimer. This interaction involves helix A,
strands A2 and A3, and the LA23 loop, in which the A2–A3 b-
sheet is stacked on the LA23 loop from another subunit of IscA.
However, dissimilarities are observed in several respects. First,
the A2–A3 b-sheets are longer in the SufA dimer and are ar-
ranged to form a concave platform. The relative positioning
of the monomers is also slightly diﬀerent in terms of their bind-
ing angles. At present, it is not known whether the observed
diﬀerences in the oligomeric states and subunit interactions dif-
ferentiate the roles of SufA and IscA in their respective distinctsubunits. (A) The tetrameric structure of IscA from E. coli (PDB code:
n, respectively. Cys35 (corresponding to Cys50 in SufA) is indicated by
0
1 (C), and between a1 and a
0
2 (D) in the tetrameric IscA.
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noted that the crystals were obtained under diﬀerent condi-
tions: polyethylene glycol was used as a precipitant in the pres-
ent study, whereas IscA was crystallized at higher salt
concentrations [27,28].
3.3. Implications for Fe binding and Fe–S cluster formation
The present structural analysis has revealed the position of
three invariant cysteine residues in one subunit of SufA;
Cys50, located in the LB12 loop, and Cys114 and Cys116 in
the C-terminal segment. The side-chains of these cysteines
are exposed to solvent. The Sc atoms of Cys114 and Cys116
are positioned in the near vicinity (@4.9 A˚), whereas that of
Cys50 15–18 A˚ away from the others, making it less likely that
Cys50 could participate in binding to an Fe atom or an Fe–S
cluster. The corresponding cysteines are disordered in the a2
subunit, but a fragmentary electron density was observed in
the Fo–Fc map near the C-terminal segment of the a1 subunit
(data not shown). Hence, we have performed modeling to visu-
alize the disordered segments, assuming that the main-chain
conformation is identical between the two subunits. The mod-
eled segment was further subjected to energy minimization. In
the resulting structure, the position of the newly generated C-
terminal segment of the a2 subunit is consistent with the elec-
tron density in the Fo–Fc map. In our structural model (Fig. 6),
four cysteine residues (Cys114 and Cys116 from each subunit)
are located in close proximity (3.1–6.7 A˚) to each other in the
interface between the two subunits.
According to the crystal structures of several rubredoxins,
four Sc atoms from cysteine ligands involved in the tetrahedral
coordination to an Fe atom are spatially arranged with an
average distance of @3.7 A˚. In the structures of [4Fe–4S] pro-
teins, the average distance of the tetrahedrally arranged four
Sc atoms that bind the [4Fe–4S] cluster is @6.4 A˚. A [2Fe–Fig. 6. Model of interaction of the C-terminal segments in the dimer
interface of SufA. The a1 and a2 subunits are indicated in green and
purple, respectively. Residues Cys50, Cys114, Cys116, Glu118, and
Ser119 are shown as stick models, in which sulfur atoms are shown in
orange and oxygen is in red. Distances are in A˚.2S] cluster is coordinated by four Sc atoms in a planar conﬁg-
uration, in which the average distance between two Sc atoms
to the same Fe atom is @3.7 A˚ and that for Sc found to diﬀer-
ent Fe atoms is @5.5 A˚. Thus, the four cysteines in the modeled
structure of SufA are positioned suﬃciently close to one an-
other to allow bonding to an Fe atom as well as to a [2Fe–
2S] or [4Fe–4S] cluster. Although the arrangement of the Sc
atoms in the model does not precisely ﬁt the structurally de-
ﬁned speciﬁc ligands, the rotation of the cysteine side-chains
as well as the movement of the ﬂexible C-terminal segment
may allow repositioning of the Sc atoms to facilitate Fe bind-
ing and cluster formation. The active site model of the SufA
dimer supports the idea that the bridging Fe atom or a Fe–S
cluster is accommodated in the interface between the two sub-
units. This is consistent with the previous biochemical data
that a dimeric SufA is able to bind an Fe atom and assemble
a [2Fe–2S] or a [4Fe–4S] cluster in vitro [16,21,24].
The active-site model of SufA also suggests that two Glu118
residues from each subunit are positioned near the Cys116 res-
idues. Carboxylate ligation to an Fe atom is common in a
number of Fe-containing proteins as well as in ferredoxins
from several bacteria. However, Glu118 is not completely con-
served in all A-type proteins, suggesting an auxiliary role of
this residue in facilitating Fe binding and cluster formation.
Possible involvement of other invariant residues such as
Cys50 and Ser119 was not clearly demonstrated in the present
model. Further biochemical, mutational, and structural studies
are needed to elucidate the structure-function relationship of
this versatile A-type scaﬀold protein family.
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